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CONTRACT FULFILIMENT STATEMENT

This is Volume III of a four-volume topical report covering the SNAP-8
Seals-to-Space Development Test Program, and is submitted in partial fulfillment
of NASA Contract No. NAS 5-L41T.
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FOREWORD

The SNAP-8 seals-to-space concept involves the use of visco pump, molecu-
lar pump, and dynamic slinger elements. The seals-to-space program encompassed
basic test work on each of these components for the purpose of demonstrating
satisfactory performance for SNAP-8 operating conditions. In addition to the
basic component tests, an overall integrated seal test rig was built and operated.
This rig provided a nearly perfect simulation of the SNAP-8 turbine alternator
assembly seal-to-space configuration and thermal environment, and demonstrated
the satisfactory performance of the seal.

Volumes I through III of this report cover the work done on the visco
pump, molecular pump, and dynamic slinger elements. Volume IV describes the
design and operation of the integrated seal simulstor.

The SNAP-8 Seals-to-Space Development Test Program was carried out under
the auspices of the SNAP-8 Division, Von Karman Center, Aerojet-Genersl Corpora-
tion, as part of the SNAP-8 Contract work.

Mr. C. G. Boone, Chief Engineer for the SNAP-8 Division, had overall re-
sponsibility for the SNAP-8 Seals-to-Space Development Test Program. Mr. R. L.
Lessley, Engineering Department, SNAP-8 Division, had direct responsibility for
the program. Assisting Mr. Lessley were E. A. Haglurnd, J. N. Hodgson, and I.
L. Marburger, all of the Engineering Department, SNAP-8 Division.

iii



- - - « .

Report No. 2808, Vol. III

CONTENTS
Page
Summary vii
1. INTRODUCTION 1
II. PROGRAM OBJECTIVES 1
III. TEST APPARATUS AND METHODS 2
A, 01l Slinger Tests 2
B. Mercury Slinger Tests 3
IV. RESULTS 4
A. 01l Slinger Tests L
B, Mercury Slinger Tests T
V. CONCLUSIONS S
A, 0il Slingers 9
B. Mercury Slinger 9
References 10
Figure
Current Configuration, SNAP-8 Seal-to-Space 1
Vaneless Dynamic Seal, Slinger Seal Test 2
120-Van Dynamic Seal, Slinger Seal Test 3
L8-Vaned Dynamic Seal, Slinger Seal Test Y
12-Vane, Shrouded Dynamic Seal, Slinger Seal Test 5
Slinger Seal Test Model 6
IWL-3 Slinger Seal Test Loop T
Dynamic Seal, LWL-3 8
Dynamic Seal, LOS-1 9
0il Slinger Test Rig 10
LOS~1 Test Loop 11
01l Slinger Test Rig Assembly i2
Mercury Slinger Test Rig 13
Mercury Slinger Test Rig Assembly 14

iv



Report No. 2808, Vol. III

CONTENTS (cont.)

IMS-1 Instrumentation Diagram

IMS-1 Test Loop

Vaneless Slinger Interface (ET-378, 12,000 rpm, 0.01l-inch
Axial Clearance)

Vaneless Slinger Interface (ET-378, 12,000 rpm, 0.03l-inch
Axial Clearance)

Vaneless Slinger Interface (ET-ETS, 12,000 rpm, 0.062-inch
Axisl Clearance)

Movement of Film on Static Wall Within Slinger Interface Radius

(Horizontally Oriented Shaft)

Effect of Non-Wetting Liquid-Surface Combination on
Slinger Interface

Vaned Slinger Interface (ET—BTB, 12,100 rpm, 0.0l1l3-inch Axial

Clearance, 12-Vane Shrouded Configuration)

Vaned Slinger Interface (OS-lEh, 12,300 rpm, 0.0l12-inch Axial

Clearance, l2-Vane Configuration Without Shroud)

Slinger Pumping Coefficients (Vaneless Slinger, 0.01l-inch
Axial Clearance)

Slinger Pumping Coefficients (Vaneless Slinger, 0.031l-inch
Axial Clearance)

Slinger Pumping Coefficients (Vaneless Slinger, 0.062-inch
Axial Clearance)

Slinger Pumping Coefficients (Shrouded 12-Vane Slinger,
0.011-inch Axial Clearance)

Slinger Pumping Coefficient (Shrouded 12-Vane Slinger,
0.031-inch Axial Clearance)

Slinger Pumping Coefficients’(Shrouded l2-Vane Slinger,
0.062-inch Axial Clearance)

Slinger Drag Coefficients (Vaneless Slinger, 0.0ll-inch
Axial Clearance)

Slinger Drag Coefficients (Vaneless Slinger, 0.C31l-inch
Axial Clearance)

Slinger Drag Coefficients (Vaneless Slinger, 0.062-inch
Axial Clearance)

Slinger Drag Coefficients (Shrouded 12-Vane Slinger,
0.011-inch Axial Clearance)

Slinger Drag Coefficients (Shrouded 12-Vane Slinger,
0.031-inch Axial Clearance)

15
16

17
18
19
20
21
22
25
2L
25
26
27
28
29
30
31
32
35

3l

re



- N am

- n fln on [ ] M s
. i

- e

Report No. 2808, Vol. III

CONTENTS (cont.)

Slinger Drag Coefficients (Shrouded 12-Vane Slinger,
0.062-inch Axial Clearance)

SNAP-8 TAA Slinger Power Loss (Vaneless Slinger)

SNAP-8 Hg PMA Slinger Power Loss (Vaneless Slinger)

SNAP-8 TAA Slinger Power Loss (Vaned Slinger)

SNAP-8 Hg PMA Slinger Power Loss (Vaned Slinger)

Mercury Slinger Interface (2-inch OD Slinger, 12,000 rpm,
0.010-inch Axial Clearance)

Mercury Slinger Interface (2-inch OD Slinger, 12,000 rpm,
0.018-inch Axial Clearance)

Mercury Slinger Interface (2-inch OD Slinger, 12,000 rpn,
0.025-inch Axial Clearance)

Configuration of Transparent End Plate of Figures MO, L1, and 42

Medified Configuration for the Mercury Slinger

Demonstration of Performance of Modified Mercury Slinger Con-
figuration (No Droplets in Interface Cavity)

Interface Cooling Method, Model A Seal Simulator

Interface Instability Due to Improper Introduction of
Flow to the Interface

Configuration for Introducing Mercury Coolant at Slinger Interface

APPENDIX A - INERTTAL METHOD FOR DETERMINING HORSEPOWER LOSS

APPENDIX B - ERROR ANALYSIS

Abstract

vi

Figure

55
36
37
38
39

Lo
41

Lo
b3
Ll

L5
46

b7
48



Report No. 2808, Vol. III

SUMuRY /ngW

The seal-to-space concept advocated for use in the SNAP-8 power conversion
system rotating assemblies utilizes two basic elements. The first element
creates a liguid-vapor interface (i.e., a line of demarcstion between liquid and
vapor). The second element restricts leakage of the vapors which emanate from
the liquid-vapor interface. A dynamic slinger has been selected as the liquid-
vapor interface element for the current SNAP-8 seal-to-space configuration. In
order for the slinger to fulfill its intended role, however, the liquid-vapor
interface must be stable. Otherwise droplets may be generated by the interface
which can possibly pass on through the seal.

A series of tests was conducted in which oil and mercury slingers were
operated at the specific conditions encountered in the SNAP-8 rotating assem-
blies. The purpose of these tests was to demonstrate that the slinger inter-
faces actually do provide a positive demarcation between liguid and vapor and
thus create a barrier to prevent leakage of raw ligquid. The slinger housings
contained transparent sections which permitted observation of the interface dur-
ing operation. Pumping and drag data were also collected.

The oil slinger tests revealed the presence on the slinger static wall of
a film that could serve as a vehicle for the transport of oill past the interface.
It was found that this problem could be avoided by coating the slinger walls with
a non-wettable material such as Teflon. Tests of mercury slingers revealed a
small population of liguid droplets within the interface radius. A modification
to the slinger configuration successfully eliminated this Jdroplet formation.
Thus, satisfactory slinger performance at SNAP-8 operating conditions is possi-
ble for both oil and for mercury.
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I. INTRODUCTION

The current SNAP-8 seal concept is illustrated in Figure 1. The purpose of
the seal is to prevent mixing of the turbine mercury with the bearing oil. This
is accomplished by venting a section of the shaft to space and permitting a small
controlled leakage of each liquid to the space vent cavity. The magnitude of this
leakage is controlled by wmwercury and oil seals-to-space. Each seal consists of
(a) an element for creating a liquid-vapor interface to prevent passage of raw
liquid, and (b) an element for restricting the leakage of vapors emanating from
the ligquid-vapor interface.

The main elements of mercury seal in Figure 1 are (a) a seal cooler, which
causes the seal region next to the turbine to remain full of mercury condensate;
(b) a herringbone visco pump, which prevents liquid mercury from centrifuging
into the turbine wheel housing; (c¢) a vaneless slinger (consisting of a step in
the shaft), which establishes a liquid-vapor interface; and (d) a molecular pump
which restricts leakage of vapors from the slinger liquid-vapor interface. Leak-
age is further reduced by the tendency of the seal cooler to refrigerate the
liquid-vapor interface, thereby reducing the density of the leakage vapors.

The oil seal is similar in construction. It consists of (a) a dynamic
slinger, which establishes the liquid-vapor interface; and (b) a molecular pump
for restriction of wvapor leakage.

This report deals with the role of the dynamic slinger in this seal-to-
space concept. Since its sole function is to prevent the loss of raw liquid, it
is lmperative that the slinger liquid-vapor interface provide a positive demarca-
tion between liquid and vapor in the seal. This can be done only if the inter-
face is stable. Under certain operating conditions, liquid-vapor interfaces ob-
tained in dynamic slingers are unstable (Reference 1). In such cases the inter-
face can actually generate droplets which are discharged in a radially inward
direction., Since general laws governing stability of such an interface have not
yet been formulated, tests were required to demonstrate the stability of the
slinger interfaces at SNAP-8 operating conditions with ET-378 oil and mercury.
The same test effort also permitted measurement of pumping and drag coefficients.

II. PROGRAM OBJECTIVES

Program objectives were as follows:

A. To determine adequacy of mercury slinger liquid-vapor interface for
use in SNAP-8 seals-to-space
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B. To determine adequacy of ET-378 oil slinger liquid-vapor interface for
SNAP-8 seals-to-space

C. To determine influence of slinger axial clearance on interface stabil-
ity for oil and mercury slingers

D. To measure slinger pumping and drag coefficients.

ITT. TEST APPARATUS AND METHOTS

A, OIL SLINGER TESTS

1. Slinger Configurations

Both vaned and vaneless slingers were evalusted in the oil
slinger tests. This was done because during the early part of the program, sys-
tem considerations had required a lubricating oil return pressure of 15 psia at
the periphery of the oil slinger. The bearing operation is based on the effec-
tive scavenging of the bearing cavity. In the arrangement of Figure 1, this
means that the 15 psia return pressure must be generated in the pumping continuum
contained between the slinger and the outer race of the bearing. In order to
generate 15 psia with such a limited submergence of the slinger disk, it was
necessary to select a vaned slinger configuration. Later when the slinger return
pressure was reduced from 15 psia to 5 psia it was possible to abandon the vaned
slingers in favor of vaneless slingers. Thus the oil slinger tests involved both
vaned and vaneless slinger configurations, although only the vaneless slingers
were used in the actual SNAP-8 rotating assemblies. Some of the configurations
tested are shown in Figures 2 to 5.

2. 0il Test Rig

The first of two test rigs used for evaluation of oil slingers
is shown in Figures 6 and 7. The test rig consisted of a 2.5-in.-dia slinger
disk and drive spindle in a transparent lucite housing. The *“ransparent housing
permitted viewing of the slinger interface during 12,000-rpm operation. The test
rig was driven by a 12,000-rpm, L0O-cycle, 3-phase, forced-air-cooled induction
motor. The rig had provisions for varying axial clearance of the slinger on suc-
cessive builldups. During each run, radial ergagement between the slinger disk
and the liquid was varied by controlling liquid pressure applied at the slinger
periphery. Provisions were made for applying a vacuum to the slinger interface
in order to prevent any influence of atmospheric air on interface stability.

Loop schematics used for water and for oil tests are presented
in Figures 8 and 9. This test rig was operated until elevated temperatures en-
countered during oil tests caused cracking and general deterioration of the
lucite housing. It was then replaced by the rig pictured in Figures 10 and 11.

The new test rig incorporated metal housings and was designed
for operation over a wider range of pressures and temperatures. A transparent
face plate made of a clear polyester was located by the outboard face of the
slinger. This permitted photographs of the slinger interface during testing., A
cross section of the rig is shown in Figure 12,

2
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Instrumentation penetration included slinger outlet pressure and
temperature. Vacuum ports were provided to the interface cavities on each side of
the slinger disk. A magnetic speed pickup was provided for shaft speed measure-
ment. Pressures were measured with Heise gages having a maximum error of 0.25 to
0.5 psi. Temperature readings were obtained from iron-constantan thermocouples
with a Symplytrol meter read-out (maximum error of 5°F).

3. Procedure for 0il Tests

Prior to the running of each test, the oll was heated to 200°F
and allowed to de-gas under a vacuum for 2 to 4 hours. The test loop pump motor
was started and the oil was allowed to circulate in a by-pass circuit. Pressur-
ized buffer oil was valved into the region between the two shaft seals. A vacuum
was then applied to the slinger cavity and the test rig motor was started. The
slinger inlet and outlet valves were then manipulated to introduce the working
fluid and to establish the desired interface location and cutlet pressure level.
Flow of water through housing cooling passages was mocdulated to attain the desired
temperature of the slinger oil. When visuel observation of the interface indi-
cated steady-state opereticn had been achieved, s photograph was taken of the
interface and recordings were taken of system pressures, temperatures, and shaft
speed. The motor power weas then Interrupted and a deceleration trace was re-
corded on an oscillograph. This deceleration “race, together with another de-
celeration trace taken with no liquid in the slinger, provided information from
which power loss of the partially submerged slinger was calculated (see Appendix
A for a description of the method).

The data just described was recorded for several radial engage-
ment values and several axial clearance values for both vaned and vaneless slingers.
The entire set of tests was repeated over a range of oil temperatures to permit
correlation of the pumping and drag coefficients with Keynolds Number.

B. MERCJURY SLINGER TESTS

1. Mercury Test Rig

The Mercury Slirger Test Rig is shown in Figure 13 and Figure 1k.

A 2.0-in.-dia smooth slinger was mounted
cated bearings. The bearing housing was
steel and contained a cooling annulus on
section housing also contained a cooling
face area to accept a transparent quartz
the slinger interface. The test section

on & shaft supported by two grease-lubri-
constructed from 300 series stainless

the motor side. The stainless-steel test
annulus and had provisions in the slinger
insert. The insert permitted viewing of
housing was attached to the bearing hous-

ing by a mating thread. With this arrangement, the ftest section housing could be
rotated to change the slinger axial clearance without disassembling the machine.
Flexible flow and instrument lines were to be provided on the test section to al-

low such adjustments.

The *test cavity was isolated from the bearing cavity by three
segmented carbon shaft seals. Liquid mercury was circulated between the two seals
nearest the test cavity, and a vacuum was drawn in the cavity formed by the second
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and third seals. Instrument penetrations included interface cavity vacuum, outlet
temperature and pressure, and buffer seal outlet temperature. The test rig was
driven by a 400-cycle, 3-phase, 20,000-rpm motor. The speed was reduced to 12,000
rpm by controlling the frequency of the power supply.

A schematic of the loop used for mercury slinger tests is shown
in Figure 15. A photograph with the test rig in place is shown in Figure 16. This
loop was designated as IMS-1. Instrumentation provided in the loop included seal
rig inlet temperature and pressure, seal rig inlet flow orifice (Ap), mercury sup-
ply tank pressure, buffer seal inlet pressure, buffer seal inlet and outlet temp-
erature, and shaft speed. Pressure transducers in conjunction with L&N Recorders
were used for all pressure measurements. The accuracy of this combination was
iE% of the reading. All temperatures were obtained with the use of copper con-
stantan thermocouples in conjunction with a Brown recorder. Temperature measure-
ment accuracy was +2% of the reading.

Shaft speed was obtained with the use of an inducticn speed
pickup and a Hewlett-Packard counter. ©Speed is also monitored by a strobotac.

2. Procedure for Mercury Tests

The test procedures for a typical test are as follows: Cooling
water was introduced to the test section cooling annulus and the motor side cool-
ing annulus. One of the buffer seal tanks was pressurized with N2 and flow was
established from one buffer seal tank, through the test rig buffer seal area to
the second buffer seal tank. Instruments were checked for zero readings and the
vacuum pump was turned on. The power source was adjusted to provide the correct
motor input corresponding to a desired sreed. The drive motor was then turned on
and the speed checked with the strobotac. The speed was adjusted where necessary.
A "dry" deceleration was then taken for later use in determining the test rig
friction hp loss. The "dry" deceleration procedure consists of switching the
drive motor off and recording the resultant deceleration transient on an oscillo-
graph. The signal to the oscillograph was generated by a magnetic speed pickup.
The drive motor was then restarted. The slinger cavity and the aft seal cavity
was evacuated to 1 mm or lower. Next the mercury supply tank was pressurized to
roughly the desired slinger outlet rressure and the test rig charge valve was
opened. This charged the slinger cavity with mercury. The resulting slinger
discharge pressure was observed and the mercury supply tank pressure was adjusted
as necessary to trim it to the desired level. Data for the static flow condition
was then taken and a photograph of the liquid-vapor interface was obtained. A
"wet" deceleration was then taken in the manner previously described. The inter-
face region was studied in order to detect any leakage from the interface region.

Iv. RESCULTS
A, OIL SLINGER TESTS

1. Interface Stability

a. Vaneless Slinger

The interfaces obtained with vanelegs slingers were found
to be considerably smoother than those ob*tained with vaned slingers. It is

i
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therefore quite fortunate that, during the course of the slinger program, SNAP-8
system considerations permitted reduction of the slinger discharge pressure from
the original requirement of 15 psia to 5 psia. This reduction in pumping require-
ment allowed replacement of vaned slingers with vaneless slingers. As a result,
the interface of the 0il seal-to-space is relatively smooth and stable.

Figures 17, 18, and 19 show the interfaces obtained with
a 2,5-in.-dia vaneless slinger turning at 12,000 rpm. The fluid is ET-378 oil
and the axial clearance values range from 0.0l1 to 0.062 in. The pictures show
considerable variation in interface smoothness with axiel clearance. The inter-
face obtained with an 0.01l-in. axial clearance (Figure 17) is very smooth. The
interfaces obtained with clearances of 0.031 in. (Figure 18) and 0.062 in. (Fig-
ure 19) are considerably more turbulent. Possibly the presence of an excessive
amount of dissolved air in the ET-378 oil somewhat aggravated the liquid-vapor
interfaces of Figures 18 and 19. Nevertheless, it is clear that an important
change in the character of the interface occurs as axial clearance is increased
from 0.011 to 0.031 in. Accordingly, the axial clearance of the seal-to-space
slingers in the SNAP-8 rotating assemblies has been held to a minimum practical
value (i.e., 0.010 to 0.020 in.).

The pictures reveal the presence of a liquid film on the
static face within the interface radius. The thickness and mobility of this film
appear to be proportionate to the axial clearance. During the operating condi-
tilon shown in Figure 17, the film was hardly noticeable. It was quite evident at
larger axial clearances, however. ©Since the slinger shaft was horizontally
oriented, the force of gravity was sufficient to cause a noticeable movement of
the film away from the interface (in the upper portion of the slinger)and into
the interface (in the lower portion of the slinger). The nature of this movement
is illustrated in Figure 20.

The presence of a liquid film within the slinger inter-
face radius is extremely significant. The primary function of the slinger in
the seal-to-space concept is to provide a positive demarcation between liquid
and vapor (i.e., to provide a barrier past which liquid cannot flow). Possibly
the film observed in the slinger tests would remain immobile in a zero-g en-
vironment. It also appears unlikely tha* even a moblile slinger film could pene-
trate the scavenging action of the adjacent close-clearance molecular pump (Fig-
ure 1). This later contention is born out by the low oil leakage rates measured
in tests of the Model A Seal Simulator (see Volume IV of this report). Neverthe-
less, it is quite clear that this problem would not exist if the slinger had a
non-wetting liquid-surface combination. No such film is observed in the mercury
slinger tests reported in Section IV,B.

Figure 21 illustrates how a non-wetting liquid-surface
combination prevents formation of a liquid film on the static wall. There it is
seen that the surface tension force is the only force tending to prevent the
momentum force from forming a liquid film on the static wall; the surface tension
force acts in opposition to the momentum force only in the presence of a non-
wetting liquid-surface combination. Thus, it appears that the liquid film could
be eliminated or diminished by coating the slinger walls with a non-wetting
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material such as Teflon. Additional slinger tests, with a coating of Dow Corning
Silicon Vacuum Grease on the transparent static wall, revealed the effectiveness
of a non-wetting surface. Subsequently, such a film of Teflen was specified for
0il slinger walls of the space seals in the SNAP-8 power conversion system rota-
ting assemblies.

b. Vaned Slingers

Since the system requirements of the SNAP-8 rotating as-
semblies permitted use of vaneless slingers, the data obtained for vaned slingers
was ultimately found to have no direct application to SNAP-8. Nevertheless, a
brief discussion of the interfaces observed for vaned slingers is presented below.

Figure 22 shows a 2.5-in.-dia shrouded 1l2-vane slinger
operating at 12,000 rpm. The axial clearance is 0.011 in. The interface is seen
to be very turbulent, although its appearance is somewhat aggravated by the fact
that the o0il was not well degassed and the interface vacuum caused formation of
a bubble-like froth in the viecinity of the interface. Adequate de-gassing pro-
cedures had not been developed at the time of this test. Nevertheless, it is
evident that the interface 1s considerably more turbulent than is desired for
use as a seal-to-space.

The oil film within the central unvaned section was rela-
tively immobile and essentially trapped since the action of the vanes tended to
prevent it from joining the fluid at the slinger periphery. No tests were con-
ducted with a non-wetting coating on the static wall. It is not known Just what
improvement might be obtained by such means.

The reasons for covering the vane tips with a shroud are
illustrated in Figure 23. There the interface resulting from a test of an un-
shrouded vaned slinger is shown. In such tests, severe vibration and increased
drag were observed when the radial engagement between the vanes and the liquid
was swall. Pictures such as the one shown in Figure 23 revealed a pronounced
interaction between the vane tips and the liquid, which caused a wedge-shaped
wake behind each slinger tip. ©Since the vibration and energy loss appeared to
be caused by flow across the tips of the vanes, it was reasoned that addition of
a rim at the outer diameter of the slinger would significantly alter the flow
pattern. This proved indeed to be the case. The vibration disappeared and the
power loss was reduced to two-thirds of 1its previous value. The shroud was
adopted for all subsequent vaned slinger tests.

2. Pumping Coefficients

Figures 24 through 29 show the pumping coefficients obtained
for vaneless and for vaned slingers. Each curve sheet shows the influence of
engagement ratio and Reynolds Number. Separate curve sheets are presented for
each of three axial clearances. The results show the pumping coefficients to be
essentially unaffected by Reynolds Wumber. The influence of engagement ratio on
pumping coefficient is small. A small decrease in pumping coefficient at high
engagement ratio is observed for vaneless slingers. The exact opposite trend
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seems to hold true for vaned slingers, but again the effect is small. Increased
axial clearance causes a decrease in pumping coefficient for vaneless slingers
whereas, for the range of clearances tested, increased clearance improves the
pumping coefficient for the vaned slinger. All of these effects are small, how-
ever. In general, it is clear that pumping coefficients are 0.4 to 0.5 for vane-
less slingers and 0.9 to 1.0 for vaned slingers.

3. Drag Coefficients

Figures 30 through 35 show the drag coefficients obtained for
vaneless and vaned slingers. The curves for both vaneless and vaned slingers
show a small increase in drag as axial clearance increases from 0.011 to 0.062
in. The small negative slope of the curves is in general agreement with the data
reported for completely submerged disks by Daily and Nece (References 2, 3, and Ly,

The data from the pumping and drag curves were used to calculate
power loss of the oil slingers for the SNAP-8 Turbine-Alternator Assembly and
Mercury Pump Motor Assembly. The TAA uses Size 208 anti-friction bearings and ro-
tates at 12,000 rpm while the Hg PMA uses Size 207 bearings and rotates at 7800
rpm. The resulting power 1loss values are presented in Figures 36 and 37. For
an average oil temperature of 2SOOF, the power loss per slinger for the TAA and
Hg PMA is 0.67 hp and 0.15 hp, respectively (for 5 psia return pressure). It
is interesting to note what the power requirement would have been had vaned
slingers been required. The power loss data of Figures 38 and 39 show a power
requirement of 1.30 hp for each TAA slinger and O.375 hp for each Hg PMA slinger
(for 15 psia return pressure). Thus the vaneless slinger offers a considerable
power saving in addition to the superior liquid-vapor interface characteristic
discussed earlier.

B. MERCURY SLINGER TESTS

1. Interface Stability

The mercury slinger tests were not nearly as broad in scope as
the o0il slinger tests. No generalized plots of pumping and drag coefficients
were obtained. Instead, all attention was directed at interface behavior and
pumping performance at specific SNAP-8 operating conditions. The greatest atten-
tion was given to the question of interface stability.

Figures L0, L1, and 42 show mercury slinger liquid-vapor inter-
faces at running conditions duplicating those of the turbine seal-to-space (i.e.,
2-in. OD disk, 12,000 rpm, with an applied pressure of 20 psia). A vacuum was
applied to the interface cavity. Three axial clearance values were investigated:
0.010, 0.018, and 0.025 in. The 20-psi applied pressure causes an engagement of
only 0.080 in. with the slinger, so the liguid-vapor interface is located very
near the 0D of the slinger. A slot in the transparent end plate located just
below the interface tends to obscure the view of the interface. The nature of
this slot, included for the purpose of introducing a cold mercury through flow,
is illustrated by Figure 43. Figures 40, 41, and 42 represent conditions with
no through flow, however.
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The interface is distinguished best in Figures 41 and k2. It
is seen to be generally smooth and stable in nature. In each case, however, a
small population of liquid droplets is observed within the interface radius. The
diameter of these droplets appears to be proportional to the axial clearance of
the slinger. The droplets were relatively immobile (they tended to wander about
the interface cavity slowly and in a random manner). It is possible that these
droplets were caused by an interaction between the liquid-vapor interface and the
annular-slot in the transparent face plate.

The presence of these droplets raises a significant question:
namely, can these liquid droplets pass through the molecular pump flow restrictor
and escape through the seal as raw liquid leakage? It i1s quite probable that such
leakage cannot occur. The liquid droplets are larger than the radial clearance
within the molecular pump. Also, the molecular pump configuration should provide
an effective scavenging action. Nevertheless, it was decided that modified slinger
configurations should be tested in an effort to eliminate the generation of liquid
droplets.

The configuration illustrated in Figure Ui provided a stable
interface which also generated no liquid droplets. Thils configuration was tested
with a transparent face plate and demonstrated that the droplets were eliminated.
A microflash photograph taken during this demonstration is shown in Figure L45.
There it 1s seen that the interface cavity is clear of droplets. The droplets
visible in the center were trapped in the shaft hub cavity during startup of the
test. Mercury visible at a larger radius is liquid which seeped in behind a
plastic ring which was pressed into the transparent face plate. The clear region
between the plastic ring and the hub cavity is the significant part of the picture,
since it reveals a complete absence of droplets. As a result of these tests, the
slinger configuration shown in Figure L4 was incorporated into the SNAP-8 turbine
seal-to-space and the Model A and Model B Seal Simulators. Successful tests of
the seal simulators have confirmed the effectiveness of this mercury slinger con-
Tiguration.

2. Interface Stability with Through Flow

The seal-to-space design adopted for use in the SNAP-8 turbine
is the one illustrated in Figure 1 and discussed earlier in this report. The illus-
tration is accurate in most details although it does not illustrate the modified
slinger configuration discussed above., This seal configuration is the same con-
figuration that was tested successfully in the Model B Seal Simulator. A somewhat
different configuration was tested in the Model A Seal Simulator. The major dif-
ference between the two configurations is that the Model B (Figure 1) configura-~
tion uses an oil heat exchanger to cool the mercury slinger Iinterface whereas the
Model A configuration cools the interface by introducing a flow of cold (210°F)
mercury at the interface. This is done in a manner similar to that illustrated
in Figure 46. The purpose of the annular slot in the transparent face plate of
Figure 43 was to demonstrate whether or not this method of introducing flow at
the interface causes undue disturbance of the interface. The results, shown in
Figure h?, revealed an instable interaction between the through flow and the
interface. A smooth flow of mercury into the slinger interface-was obtained only
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when the flow was introduced in a radially outward direction. The configuration
which permitted this is shown in Figure 4U8. This configuration was incorporated
into the Model A Seal Simulator. Subsequent tests of the Model A Seal Simulator
further demonstrated the adequacy of the method of introducing interface coolant
to the slinger interface.

V. CONCLUSIONS
A, OIL SLINGERS

1. Axial clearance of the vaneless slinger in the oil seal-to-
space should be small., An axial clearance no larger than 0.010 to 0.20 in. is
recommended.

2. Static and dynamic surfaces adjacent to the liquid-vapor inter-
face of the oil slinger in the seals-to-space should be coated with a 0.001 to
0.003 in. thickness of Teflon or an alternate material not wetted by ET-378 oil.

3. Slingers having a small engagement with the liquid have pump-
ing coefficients essentially the same as those for fully submerged slingers.
Pumping coefficients are sufficient to permit generation of 5 psia return pres-
sure with fully scavenged bearing operation for SNAP-8 TAA and Hg PMA., Liguid-
vapor interface will ride on outer race of adjacent bearings.

L, Slinger power consumption for SNAP-8 rotating assemblies is
0.67 hp for each TAA slinger and 0.15 hp for each Hg PMA slinger.

B. MERCURY SLINGER

1. The vaneless slinger configuration illustrated in Figure L
gives a stable interface that provides a positive demarcation between liquid
and vapor. This slinger configuration is recommended for use in the TAA seal-
to-space.

2. The vaneless slinger provides pumping such that a 2-in. slinger
turning at 12,000 rpm can generate 20 psi with a radial engagement of 0.080 to
0.100 in.

3. Influence of axial clearance on the slinger interface is not
critical. However, it should be kept less than 0.025 in. since this was the
largest value tested.
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0il Slinger Test Rig

Figure 10
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Mercury Slinger Test Rig

Figure 13
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IMS-1 Test Loop

Figure 16
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12 Vane Slinger

£ in. long vanes
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slockwise Rotation
12,300 rpm
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c

Vaned Slinger Interface, 0S-12L
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Figure 23
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Mercury Slinger Interface
(2-in.-0D Slinger, 12,000 rpm, 0.018-in. Axial Clearance)

Figure 41
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Mercury Slinger Interface
(2-in.-0D Slinger, 12,000 rpm, 0.025-in. Axial Clearance)

Figure 42
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Figure 43
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Figure 46
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Interface Instability Due to Improper Introduction
of Flow to the Interface

Figure 47
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Configuration for Introducing Mercury
Coolant at Slinger Interface

Figure 48
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APPENDIX A

INERTIAL METHOD FOR DETERMINING HORSEPOWER LOSS

Given the relationships

dw _2xn dN

T'—'IOE—@IOE
o o N
P = 23000
where
T = torque (inch-1b)
I = Mass moment of inertia (inch-lb—sece)
N = Revolutions per minute (rpm)
t = time (sec)
@ = angular velocity (radians/sec)
hp = horsepower

It may be seen that if I, can be accurately evaluated and %% determined, the

torque and horse power loss for a rotating assembly may be specified.

For the slinger seal test rigs, the IO of all rotating Earts (including the
drive motor) was determined by use of a torsional pendulum; %_ was determined from
an oscilloscope deceleration trace of a coast down from an eqﬁilibrium running
condition.

The friction horsepower loss is first determined by use of a deceleration
trace obtained with no fluid in the rig and then a total horsepower loss de-
termined with the slinger operating at a desired test condition. The difference
between these two values is the net horsepower loss.

The torsional pendulum method for measuring moment of inertia is implemented
as follows:

The freguency of oscillation of a torsional pendulum is

1 k
f = o Io cycles/second
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where 1b-in
"+ k = torsional spring constant —é———r—;%—-
radian

L qu

k =
324

where

G = elastic modulus in shear, psi

ol
i}

wire diameter in inches

£ = wire length in inches

Rearranging the foregoing expression,

k
I = —&
(0] )-¥T[2f2

k is dependent only on the properties of the torsional spring (a long thin
wire). It is not necessary to know the exact dimensions and elastic modulus of
the wire since k may be evaluated experimentally by measuring the frequency of
oscillation of a mass of known I, attached to the wire. This mass should be a
cylinder whose Io may be readily calculated from the following expression:

;o mt
o) 2

where

mass (lbnsecg/in.)

i

m

r = radius (in.)

It is not necessary to actually evaluate k since if the same wire is used
for both the known (or standard) mass and the unknown mass

I Ly ngfestd £ 2
0 _ k _ | o std
Io standard L H2f02 fo
k

To summarize: +the I_ is determined by (1) rigidly attaching a mass of known
I to a wire and measuring the frequency of oscillation, (2) replacing the known
mass with the mass of unknown IO and measuring the frequency of oscillation, and
(5) calculating I, with the use of the foregoing expression.

%% is determined by measuring the initial slope of an oscilloscope decelera-
tion trace (rpm vs time).



N v

Report No. 2808, Vol. III

APPENDIX B

ERROR ANALYSIS

The instrumentation used for data assimiletion was a combination of labora-
tory type and process type. ZExcept where noted, the instrumentation was calibrated
prior to the conducting of tests and was considered to be essentially accurate i
within the limits specified.

For the ET-378 tests, Hiese gages were used for pressure measurement and
thermocouples with a Simplytrol readout for temperature measurement. The Hilese
gages were considered to be essentially accurate and have a least count of 0.2
psi. This allows the reading to be taken within an accuracy of 0.1 psi. The
Simplytrol had a least count of 5°F and a least readable count of 2-1/2°F, allow-
ing the reading to be estimated to within an accuracy of 1-1/4°F, The basic ac-
curacy of the Simplytrol was calibrated to be less than 2% of the indicated
reading.

For the mercury tests, a pressure transducer-I&N recorder combination was
used for all pressure measurements (including Ap for flow). A thermocouple-Brown .
recorder combination was used for temperature measurement. The least readable
count of the recorder trace is 0.2 millivolt and the maximum error of the
pickup readout combination is calibrated to be less than 2%.

Slinger engagements were measured by scaling from photographs using a known
diameter to develop a scale factor. The maximum error for this measurement is
estimated to be 0.031 in.

The shaft rpm was measured in both instances with a stroboscope. The least
count with this instrument was 10 rpm, and the maximum error was less than 1% of

the indicated reading.

The expression for the pumping coefficient is as follows:

2 2g (P - PO)
o w? (ri - %)
where
g = 32.2 ft/sec2
P and P = 1b/ft2
o = 1b/ft> density of liquid (1b/ft>)
r, = slinger radius (ft)

B-1
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interface radius (ft)

21
i

€
f

angular velocity (rad/sec)

The maximum deviation in the pumping head may be expressed as

P 2A 2 Ar
Pp tTw t T2 2
[e] ro =-r

&K1
K~ 2
P, g, and PO here were considered to be essentially accurate.

From examination of the foregoing expression, the maximum deviation would
occur with a low discharge pressure and high engagement ratio,

The horsepower loss equation is

TN
Bp = $355
where
N = rpm
T = torque (ft-1b)

The maximum deviation is

fhp AT LN
hp T N

The expression for the torque coefficient for two sides of a disk is

2Tg
o” (ro5—r5)

Cm =

where

rad/sec

't

w

r and ro

The maximum deviation may be expressed as

MCm _ AT, 2Aw, SAr  _ fbp , 3@, 54T
=L == = =
Cm = T w ro5_r5 hp ro5_r5

Here again, the maximum deviation occurs with a high engagement ratio.

The inertial method used to measure the torque T is estimated to have a
maximum error of 5%.

Maximum deviations for the various dyramic seal configurations are tabulated
below for an engagement ratio (r/ro) of approximately 0.9,

B-2
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Axial Gap AP = 2K ACn  AHp
Seal Configuration Fluid in. psi o K Cm Hp
12-Van Shrouded ET-378 0.011 15.8 0.90 0.12 0.20 0.05
12-Van Shrouded 0.031 18.8 0.94 0.18 0.25
12-Van Shrouded 0.062 20.8 0.93 0.17 0.26
Smooth Vaneless 0.011 4,0 0.88 0.13 0.21
Smooth Vaneless 0.031 5.6 0.91 0.13 0.21 v
Smooth Vaneless ET-378 0.062 b7 0.89 0.12 0.21 0.05

B-3
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T

SNAP-8 SEALS-TO-SPACE DEVELOPMENT TEST PROGRAM

Aerojet-General Corporation

ABSTRACT

Tests were conducted to demonstrate that dynamic slingers, using oil and
mercury as working fluids, are capable of generating stable liquid-vapor inter-
faces for use in the SNAP-8 seals-to-space. The test rigs contained transparent
housing sections which permitted observation of the liguid-vapor interfaces dur-
ing operation. Results demonstrated that stable interfaces can be obtained for
the operating conditions of the rotating assemblies of the SNAP-8 power conver-
sion systemn.
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